Abstract: Prostate cancer (PCa) is the most common malignancy, and the third leading cancer-related cause of death among men of the Western world. Upon PCa progression into metastatic disease, androgen deprivation therapy is applied as the first-line treatment, and has been shown to be effective in most patients, leading to a decrease in serum prostate-specific antigen and relief of disease-related symptoms. However, advanced PCa almost inevitably progresses to a castration-resistant state, and is currently regarded as incurable. The large body of evidence indicates that PCa cells remain dependent on androgen receptor (AR) signaling even in an androgen-deprived environment. As such, development of drugs that target AR and AR signaling pathways have become one of the major milestones in treatment of castrationresistant PCa (CRPC). Nevertheless, currently available therapies that target AR signaling are still regarded as palliative and more potent therapies are in great need. Over the past few years, a wide range of novel therapies has entered clinical trial for treatment of CRPC, including androgen synthesis inhibitors (abiraterone acetate), chemotherapeutic agents (docetaxel and cabazitaxel), and immunotherapies (sipuleucel-T). In this context, enzalutamide (previously referred to as MDV3100) is a novel second generation antiandrogen that has been demonstrated to significantly improve survival in men with metastatic CRPC in several clinical trials. In this paper we summarize recently completed and ongoing clinical trials of enzalutamide, and briefly discuss the efficacy of the novel antiandrogen therapy and its limitations for treatment of CRPC.
PCa pathogenesis and androgen deprivation therapy (ADT)
PCa is a type of cancer that develops in the prostate gland of the male reproductive system. The development of PCa has been demonstrated to be driven by androgens (primarily testosterone) and androgen signaling pathways. 4 Since this discovery was made by two Nobel Prize winners Huggins and Hodges in 1941, the underlying pathogenic mechanisms of PCa have been extensively studied. In 1963, it was demonstrated that most primary PCa tumor cells are initially sensitive to ADT, 5 which in turn became the first-line treatment for patients with advanced PCa. 6, 7 ADT may be delivered as chemical or surgical castration. While surgical castration includes orchiectomy, ie, the removal of the testicles (95% of the body's testosterone source), chemical castration may involve administration of various pharmaceuticals such as luteinizing hormone-releasing hormone (LH-RH) agonist, antiandrogens, or other testosterone biosynthesis-inhibiting drugs. In some cases, a combination therapy of the two may also be applied. 8 Conclusively, application of ADT may lead to reduction of testosterone biosynthesis and has been demonstrated to result in a decrease in serum prostate-specific antigen (PSA), tumor regression, relief of symptoms, and increased survival of the patients. [9] [10] [11] Approximately 80% of patients are initially responsive to ADT; 12 however, ADT only marginally improves the overall survival. 13 Although considerable progress is being made to improve therapy of PCa, one-third of treated PCa patients will experience disease recurrence and will progress into castration-resistant PCa (CRPC). 14, 15 Tumors from PCa patients exhibit genetic complexity such as different epigenetic and genetic alterations that affect multiple genes, and therefore require substantially different treatment regimens. However, most current cancer therapies largely consist of nonspecific cytotoxic agents, and clinical activity is often limited to some subsets of treated patients. 16 In this context, it is of utmost importance to design and develop anticancer drugs that may specifically target altered pathways in tumor cells.
Treatment of advanced PCa and treatment failure
Once a patient is diagnosed with CRPC (earlier referred to as androgen-independent or hormone refractory PCa), no currently available therapy may effectively eradicate the disease, and treatment options become scarce. In this context, identification of the major causative factors or signaling pathways which may contribute to the development of CRPC is crucial for designing novel treatment strategies.
Numerous studies have shown that androgen receptor (AR)-mediated signaling plays an important role in the development of CRPC, which may render PCa cells to become resistant to treatment. In addition, the presence of a subpopulation of cancer cells within a tumor that remain to be dependent on AR-mediated signaling during further tumor growth and disease progression has been reported. 17, 18 In this context, AR overexpression, AR amplification, mutationinduced changes, and intratumoral testosterone synthesis have been recognized and hypothesized to be driving PCa progression in the presence of even minimal levels of androgens. [19] [20] [21] [22] [23] Moreover, alternative activation of AR through crosstalk with other cellular signaling pathways in tumor growth and CRPC progression has been reported. [24] [25] [26] [27] Conclusively, the available data provide robust evidence that AR and its cofactors in the CRPC setting are important therapeutic targets. [28] [29] [30] As mentioned above, CRPC until recently was regarded as androgen-independent PCa. 31 As such, patients that have been diagnosed with CRPC were often prescribed standard taxane-based chemotherapeutic drugs, such as docetaxel and cabazitaxel in combination with prednisone. [32] [33] [34] However, these therapies have been reported to offer a mere 2-month survival benefit 35 and often lead to development of drug resistance to taxane-based chemotherapy. [36] [37] [38] [39] The failure of therapy in PCa patients may reflect the complexity of PCa. It is known that there is enormous genomic heterogeneity in various human cancers, and the role of the genomic heterogeneity in the response to therapy is still poorly understood. 16 Taxane-based chemotherapeutic drugs such as docetaxel belong to cytotoxic agents, which do not target specific signaling pathways that actually drive cancer cell progression, and the use of such therapies often leads to further cancer cell mutations and acquisition of multidrug resistance.
Novel classes of drugs that target AR signaling
There is an urgent need to design and develop novel drugs that may selectively target major signaling pathways that contribute to CRPC. Since AR-associated pathways are responsible for cancer cell growth and survival, and even enable the cancer cells to grow in the presence of minimal androgen levels, 40 Enzalutamide is one such drug, and is the focus in this review article. We will specifically assess the advantages and disadvantages of this drug by detailed evaluation of data obtained from several past and currently ongoing clinical trials.
Discovery and development of enzalutamide
Enzalutamide, formerly known as MDV3100 (Figure 1 ), is a second-generation antiandrogen licensed by Medivation (San Francisco, CA, USA), which has been specifically designed to bind and inhibit AR, 44 with no reported agonistic effects. 45 Enzalutamide was selected from approximately 170 smallmolecule candidates tested in PCa cancer cell lines and animal models, and that had significant inhibitory effect on tumor growth and progression in bicalutamide-resistant PCa animal models ( Figure 1 ). More importantly, in the study, enzalutamide demonstrated tumor growth inhibition, and lowered the level of AR overexpression in tumor cells. 28 Thus, enzalutamide was selected for clinical trials and was approved by the US Food and Drug Administration on August 31, 2012, for the treatment of patients with metastatic CRPC who have previously received docetaxel-based chemotherapy. 46 The underlying mechanisms of the demonstrated antitumor effects have been elucidated, and it is now established that enzalutamide exerts its antitumor effect by inhibiting several steps in the AR signaling pathway; it competitively inhibits androgen and AR binding to androgens, as well as inhibits AR nuclear translocation and interaction with DNA. 47 The well defined mode of action of enzalutamide and its selective targets made it possible to accelerate the progress of drug development using enzalutamide as mono-or combination therapy.
Although the data from the clinical trials of enzalutamide for treatment of advanced PCa are limited, we have collected all available information from reported meeting abstracts, published studies, and from the ClinicalTrials.gov registry and result database. The first clinical trial, NCT00510718 was published in 2010, by Scher and colleagues. 48 The study enrolled a total of 140 patients with progressive CRPC, with data available in a publication. 49 Another Phase I-II clinical trial, NCT01565928 was also conducted by Scher and colleagues. 48 However, only a meeting abstract addressing this clinical trial was available. 50 To reflect on the further development of enzalutamide in clinical trials, we used information from ClinicalTrials.gov registry and result database. According to ClinicalTrials.gov, there were 13 registered clinical trials assessing enzalutamide in the CRPC setting, with one study being withdrawn prior to enrolment. 51 An overview of the clinical trials, their respective stage, status, and primary completion dates are presented in Table 1 .
Clinical trials of enzalutamide Clinical trial design and settings
As mentioned above, the data of the various enzalutamide studies is very limited. As such, we will focus our evaluations on the few published or available sources. Among the two studies that were completed (NCT00510718 and NCT01565928), two additional open-label efficacy and safety studies have recently reached the primary completion date (NCT01091103 and NCT01302041), 48 and other studies are still ongoing (NCT01547299, NCT01650194, NCT01664923, and NCT01288911) 48 (Table 1) . Because enzalutamide is aimed to treat advanced PCa, in particular CRPC, it is important to look into several criteria that were used for patient selection, drug efficacy, and drug toxicity. One Phase I clinical trial enrolled a total of 140 patients with progressive CRPC who were divided into dose-escalation cohorts of three to six individuals. Starting treatment dose was 30 mg of enzalutamide, which was administered orally every day. The daily doses included 30 mg (n = 3), 60 mg (n = 27), 150 mg (n = 28), 240 mg (n = 29), 360 mg (n = 28), 480 (n = 22), and 600 mg (n = 3) (NCT00510718). In parallel, another Phase I-II clinical trial had similar numbers of patients, with a total of 120 patients with CRPC, 73 of whom were treated with 60, 150, and 240 mg/day of enzalutamide, followed for 24 weeks (NCT01565928). These two clinical trials were designed to treat CRPC patients with enzalutamide using the same regimens. In addition, most of the registered Phase I and II clinical trials listed in Table 1 enrolled patients with CRPC with the aim to evaluate According to the ClinicalTrials.gov database, NCT01091103 was completed September, 2011, and NCT01650194 will be completed June, 2013. The result from these trials will be of great importance for further validation and clinical use of enzalutamide for treatment of metastatic PCa.
To ensure that a drug candidate can be developed into a drug for treatment of patients in the clinics, it is of importance to evaluate the safety and tolerability of the drug. In the NCT00510718 clinical trial, the maximum tolerated dose of enzalutamide was assessed, the patients were examined at monthly intervals, and toxicity was graded in accordance with National Cancer Institute Common Terminology Criteria for Adverse Events, version 3.0. Published results revealed that the maximum tolerated dose of .28 days sustained treatment was 240 mg, with fatigue being the most common adverse event (in 11%). Other adverse events including anemia (in 3%), arthritis (in 2%), asthenia (in 2%), and even seizures (in 2%, only in the 360 mg, 480 mg, and 600 mg treatment groups) were noted in all dosing groups. Conclusively, the data suggested that enzalutamide was generally well tolerated, and indicated minimal toxicity to PCa patients. 49 The criteria used for evaluating the efficacy of enzalutamide in the NCT00510718 clinical trial was selected based on the guidelines from the Prostate Cancer Clinical Trials Working Group 2 criteria, with positive antitumor effect defined as $50% serum PSA decrease. Additional criteria included soft-tissue disease evaluation by the Response Evaluation Criteria in Solid Tumors, 16 beta(18F)-fluoro-5 alpha-dihydrotestosterone and 2-(18F)-fluoro-2-deoxy-Dglucose positron emission tomography (PET) and computer tomography imaging, and circulating tumor cell (CTC) counts determined by CellSearch assay. 49 Primary and secondary outcome measurements using overall survival and biochemical recurrence based on PSA levels were applied to evaluate the long-term effect of enzalutamide. At the same time, Phase I-II clinical trial NCT01565928 used similar criteria to define the efficacy of enzalutamide. 50 It is of importance to note that Phase III clinical trial NCT00974311 enrolled 1,199 CRPC patients who were previously treated with other chemotherapeutics, such as docetaxel. 48 The patients were randomly assigned to treatment versus placebo group in a 2:1 ratio and received daily 160 mg oral dose of enzalutamide (n = 800) or placebo (n = 399). In this context, the criterion for measurement of efficacy was the patient outcome, including overall survival as the primary outcome measurement. The secondary outcome measurement was radiographic progression-free survival, time to first skeletal-related event, functional assessment of cancer therapy, time to biochemical reoccurrence defined by $25% increase, and $2 ng/mL absolute increase in PSA, percentage of patients with pain palliation, percentage of patients with PSA response, percentage of patients with soft-tissue objective response, European Quality of Life Five-Domains, and conversion rate of circulating tumor cells (NCT00974311).
Clinical trial outcomes
The results from NCT00510718 and NCT01565928 clinical trials indicate that enzalutamide may be an effective drug for treatment of CRPC, with good safety profiles and well known mode of action. Enzalutamide has demonstrated significantly superior effects in patients without previous treatment with other chemotherapeutic drugs compared with patients who received previous treatment. Patients who were treated with enzalutamide had significantly higher overall survival and progression-free survival, as measured by serum PSA levels or radiographic imaging (Figure 2) . 49 As such, the study demonstrated that enzalutamide has encouraging antitumor activity in CRPC patients.
Similar promising results were also obtained from Phase I clinical trial NCT01565928. PSA decline of 50% or more was observed in 22 out of 42 naïve (55%), and 13 out of 31   0   104  6 5  3 6  2 5  7  3  0  52  40  29  22  6  3  0  0  52  25  7  3  1  0   82  45  25  15  4  2  0  47  32  22  13  3  2  0  0  35  13  3  2  1  0   83  50  33  16  9  2  0  49  34  24  12  8  2  0  0  34  16  9  4 (42%) post-chemo patients. This study has demonstrated that enzalutamide therapy promotes antitumor activity, which was also well supported by PSA decline, CTC changes, and PET imaging findings. Moreover, the data indicated a doseresponsive trend, and further suggested enzalutamide as a promising candidate for treatment of CRPC. 50 In addition, according to the published results from Phase III clinical trial NCT00974311, enzalutamide showed the overall survival benefit of 5.2 months; 18.4 months (95% confidence interval [CI], 17.3 to not-yet-reached time point) in enzalutamide group versus 13.6 months (95% CI, 11.3-15.8) in control group. Moreover, superiority of enzalutamide in treatment versus control group in secondary outcome measures was also well demonstrated, and included reduction in serum PSA (54% versus 2%), soft-tissue response rate (29% versus 4%, P , 0.001), the quality-of-life response submit your manuscript | www.dovepress.com Dovepress Dovepress rate (43% versus 18%, P , 0.001), time to PSA progression (8.3 versus 3.0 months, P , 0.001), and time to first skeletalrelated event (16.7 versus 13.3 months, P , 0.001). 52 Conclusively, the study has demonstrated that enzalutamide significantly prolonged the survival of patients with metastatic CRPC after docetaxel-based chemotherapy.
Conclusion and final remarks
Recently, a rapid increase in the number of effective systemic therapies for men with metastatic CRPC has significantly changed the treatment paradigm and expanded the treatment options for the advanced stages of the disease. 34, 53, 55 Although enzalutamide demonstrated highly promising effects, it appears that there is still a fraction of patients who fail to respond to such therapy (Figures 2 and 3) . Moreover, the failure to respond to enzalutamide therapy is more prominent in patient subgroups that have been previously treated with other chemotherapeutic drugs ( Figure 2 ). Tumors from patients who did not respond to enzalutamide may have developed multiple drug resistance, in which additional alterations in AR signaling may have occurred in tumor cells. Indeed, such resistance may be in part explained by recent findings reported by Li and colleagues, who have shown that specific AR splice variants may mediate enzalutamide resistance in PCa cell lines. 54 These findings therefore indicate that identification of a PCa patient group that may benefit from treatment of enzalutamide is a crucial step in improving enzalutamide efficacy, and may assist in directing future clinical trials.
The available data suggest that enzalutamide is a potent antiandrogen drug that is substantially superior to its firstgeneration functional analogs. Moreover, the antagonistic potential of enzalutamide versus other antiandrogens such as bicalutamide is also well contrasted. In this context, the efficacy of enzalutamide has been clearly reflected in numerous clinical trials, and indeed has demonstrated very promising results with minimal side effects. Conclusively, clinical trials of enzalutamide indicate this novel second-generation antiandrogen as the new steppingstone for future advanced PCa therapies, and provide further proof that AR-signaling remains to play the pivotal role in progression of advanced PCa. Moreover, identification of a PCa patient group that may benefit from treatment of enzalutamide is a crucial step in improving enzalutamide efficacy, and may direct the design of upcoming clinical trials. As such, a deeper understanding of molecular and cellular mechanisms underlying PCa responses to enzalutamide is required.
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